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HYDRODYNAMIC STUDIES OF THE NOVA OQUTBURST

S. Starrfield
Department of Physics, Arizona State University and
Theoretical Division, Los Alamos Scientific Laboratory

[. Introduction

Over the past few years, significant advances have been made in
our understanding of the nova outburst. The theoretical studies have
shown not only that a thermonucl.ear runaway in the envelope of a white
dwarf reproduces the gross features of the nova outburst (c.f.; Starr-
field, Sparks, and Truran 1978, Sparks, Starrfield, and Truran, 1978,
Gallagher and Starrfield 1978), but also made important predictions
regarding tne observed behavior of the outburst itself. The observa-
tional studies have provided us with new data concerning the evolution
of the bolometric 1ight curve of a nova during outburst, the elemental
abundances in the ejecta, the formation of dust during the ouvtburst,

and the structure of nova binaries (c.f., Gallagher ard Starrfield
1678).

The thermonuclear runaway theory of the outburst is hesed on the
observed characteristics of the novee binary systems: a large, cool
component that fills {ts Roche Lobe and a much smaller star which is
presumably a degenerate dwarf. The large star is transferring material
through the inner Lagrangian point into the lobe surrounding the white
dwarf and this material spirals into an accretion disc which acts to
transfer angular momentum outward and mass irward a'lowing a layer of
hydrogen-rich material to be gradually accumulated cn the surface of
the degenerate star (Warner 1976, Robinson 19762. The ohserved mass
accretion rates are on the order of 10-2 to 10-19 M yr-1 or less
(wade 1979; Cordova, Mason, and Nelson 1980; Bath, 9r1ng]e. and Whelan
1980) implying that a layer with a mass of 10=-* M_ can be built up on
the dwarf on time scales of 105 to 105 yr. Hydrogtat1c studies have
shown that a thermonuclear runaway will occur in such an envelope (Taam
and Faulkner 1976). We have used the results of their studies to
obtain 1nitial models for calcLlations which show that the resulting
thermonuclear runaway produces a nova outburst (Starrfield, Sparks, and
Truran 1978; Sparks, Starrfield, and Truran 1978); the characteristics
of this outburst depending upon the carbon-oxygen abundance 1in the
envelope.



II. Thermonuclear Runaways and the Nova Qutburst

As was show:. in our first paper (Starrfield, et.al. 1972) the
nova outburst is a thermonuciear phencmena and a direct result of the
groperties of the four g8* unstable nuclei: 13N, 140, 130, and l7F.
hesc nuclei act both to 1imit the maximum rate of energy generation
during the outburst and as a source of energy at late times. Convec-
tion during the early stages carries them to the surface where they
decay and enhance the mass ejection process. They then decay at a
time when the envelope temperatures are too cool for further proton
captures so that the final isotopic raties are unusual for an astro-
physical process.. Finally, 1t is because of their properties that we
have been forced to require enhanced CNO abundances in the envelope
in order to produce a fast nova outburst.

The B+-unstable nuclei first become important in the last stages
of the rise of the shell scurce temperature to maximum deep in the
envelope. This 1s just at the time that the bulometric magnitude be-
gins its steep rise. This phase is very rapid for all novae (it takes
about a day or less) and {s caused by convection in the envelope of
the white gwarf carrying the g+-unstable nuclei to the surface on a
rapid (~1C3s) time-scale. Their decay in the uppermost layers of the
accreted envelope causes the rate of energy generation to reach values
exceeding 1012 to 10!3 erg gm=! sec~! which results in luminosities of
at least 10 L . However, the envelope cannot begin to expand on such
a short time s2ale and radii for white dwarfs of 10% cm imply effective
temperatures of 105 K or larger at bolometric maximum.

The intense heating throughout the envelope causes a hydrodynamic
(U > C_) expansion of the hydrogen layers which will reach a radius of
~1312 8m before becoming optically thin. If we assume that the Tumi-
nosity is at least 10“ L_, then the effective temperature at maximum
visible Tight will be ab8ut 10* K. The mass fraction in the optically
thin shell remains virtually constant until the temperature has dropped
to ~ 10% K, and then, as the opacity drops, the optically thin region
moves inward 1n mass but remains virtually constant in radius. The
time to reach visual maximum varies from nova to nova, caused by the
dl fferences in the rate of expansion speeds of novae. This in turn
must depend on the rate of the energy released in the envelope from
nuclear reactions to the total binding energy of the envelope which
in turn.depends upon white dwarf mass. The total binding energy of
the envelope is largest for the smallast mass white dwarfs (even
though the binding energy per gram is largest for the most massive
white dwarfs) because a 0.5 M_ white dwarf require more enveloge mass
(u10=3M_) to produce a runawal than a 1.25M  white dwarf (~10-5M ).
This effect will cause an outburst on a low®mass white dwarf to Ippear
s1aw no matter how large the degree of CNO anhancement (Truran 1980,
Shara, Prialnik, and Shaviv 1980).

Once the burst ejection phase of the outburst {5 complete, the
nova settles into a constant luminosity phase. The luminosity comes
from nuclear burning in the envelope material that was not ejected



during the burst phase and has returned to hydrostatic equiiibrium.
Most of the envelope 1s convective and an intense (T ~ 5 x 107 K)
nuclear burning shell source is Tocated at the bottom. A core-mass
Tuminosity relationship (Paczynski 1971) holds for the remnant allowing
us to calculate that the mass of the white dwarfs i1 novae are ~ 1.0M

( ‘ruran 1980). During this state the envelope continues to lose mass,
presumably by a wind (Bath 1978), and its effective temperature slowly
climbs to values exceeding 105 K (Gallagher and Starrfield 1676,
Starrfield 1979).

The final phase 1s the turn-off of the nuciear reactions and the
return to minimum (so that the process may begin again). Numerical
calculations (Starrfield 1979) show .hat virtually the entire accreted
envelope must be ejected in order for the aztfve phas2 nf the outburst
to end. The outburst should be over one to 10 years after peak bright-
ness. This stage 1s not very well known for any nova, and observations
are required to understand just now and when a nova turns off,

[II. The Abundarces in the E;ecta
One of the first pedictions of the hydrodynamic studies was that

the"CNQO nuclei had to be enhanced in the envelope in order to produce

a fast nova outburst. Concomitant with this prediction was the calcu-
lTated result that the CNO abundances also would be enhanced in the
ejecta. However, the difficulty of obtaining accurate abundances for
emission or absorption line spectra of rovae (Williams 1977) prevented
confirmation of this prediction. The recent studies have now taken
advantage of the fact that a number of old nnvae have resolved shells
and that techniques developed for analyzing planetary neoula shells

can also be applied to novae ejecta. A summary of these results appears
in Truran (1980). Another study by Ferland and Shields (1978) of Nova
Cygni 1975 showed that one could de 2rmine the abundance of the emis-
sion lines during the early stages of the outburst 1t one used modern
digital detectors and observed the nova for a Tong period of time.

The results of these studies showed that all nova had either entanced
CNO or non-solar H/He or both. These studies also showed that the
enhancement increased with speed class although DQ Her 1934 was anoma-
Tous in that ‘t had the largest CNO enhancement of any nova studied;
and, yet, it has been classes as a ~low nova (Williams, at.al. 1978).
Nevertheless, this {s not in disagreement with the theoretical calcula-
tions 1f one considers white dwarf mass in addition to enhancement. as
discussed in the previous section. Support for our argument comes from
a study of Smak (1979, preprint) who finds a white dwarf mass of 0.5M
for DQ Her. This is in contrast to the assumed white dwarf mass of
other novae of ~ 1.0M_ (Warner 1976, Robinson 1976). In fact, a low
mass ~hite dwarf w111°a1ways produce a "slow" outburst no matter what
the enhancemnent bucause the envelope will not Le as degenerate ac it
would be for a more massive white dwarf (Starrfield 1971). Ir addition,
a low mass white dwarf requires more 2nvelope mass tu produce a runaway
so i‘hat the total binding enerqgy of the envelope {s larger than for a
more massive white dwarf (Truran 1980, Shara, Prfalnik, Shaviv 1989)
and even a large enhancement of the CNO nuclei will produce a "slow"



outburst.

Another problem with abundances and the hydrodynamic studies is
that the new observations have shown that fast novae do not need as
great an enhancement of the CNO nuclei as our calculaticons predict.
However, we have been redoing some of our older calcuiations with the
new Los Alamos Opacity tables and find that we can decrease the carbon
abundance from X(12¢) = 0.5 to X{('<C) = 0.2 and still produce a fast
novae (Starrfield, Truran, and Sparks.1980, in creparation). Therefore,
it now appears that both observations and theory are in agreement about
“2e enhancement necessary to produce a nove outburst - either fast or
slow.

IV. Dwarf Novae and Elemental Diffusion

In this section I will consider the effects of the settling of the
CNO nuclei out of the accreted hydrogen envelope into ‘the core on ther-
monuclear runaways in the envelope. This prccess has not been considerec
in previous studies of the nova phenomena, because the p-oblem has
always been to enhance the CNO nuclei in the envelope rather than de-
plete them. Here I restrict the discussion to the dwarf novae syctems
where the accretion rate is presumably lower than in the common novae
and there is no evidence for mass 13ss during the outburst {c.f.;
Starrf.eld, Truran, and Sparks 1980). 1In addition, it now seems likely
that the dwarf nova outburst is caused by either an instability in the
rate of mass transfer from the secondary or by an instability in the
accretion disc and not by a thermonuclear runaway in the accreted en-
velope. Nevertheless, there is stcili a flow of hydrogen-rich material
onto the dwarf and one must be concerned with the ultimate fate ?8 this
9as, The obsurvations imply that M for dwarf novae is about 107'" Mg
yr‘] cr lTess (Bath, Pringle, or Whelan 1980) requiring at least 106
years to build-up an envelope of " 10"%Mg. This time-scale is compa -
rable to the time scale for gravitational settling to completeiy empty
the accreted envelope of the CNO nuclei {Fontaine and Michaud 1979,
Vauclair, Vauclair, and Greenstein 1979, Alcock and I1larionov 1980).
As a result, when the bottom of the accreted layer reaches the condi.
tions necessary for thermonuclear burning in the envelz.e, no flash
will occur; only a phase of slow, steady nuclear burning from p-p re-
actions. Since the tcmperature depandence of these reac.ions {5 only
« T%, they do not even produce enough energy per gram to expand the
envelope. Instead, recent calculations (Starrfield and Sparks 1979,
Starrfield, Truran and Sparks 1980) have shown that thke luminnsity of
the white dwarf increases Eo only a fgw Lg while the effective trmper-
ature never exceeds 5 x 1072 to 6 x 102 K. These values imply that a
p-p burning white dwarf will be indistinguishable from a hot, cooling,
white dwarf. The confiquration resulting from tnis evolution will bo
a massive white dwarf with a thicxkening helium layer underlying the
nydrogen-rich layer on the surface. It has recently been predicted
that the end result of this process will be a Type I supernova explo-
sion (Starrfield, Truran, and Sparks 1989, Taam 1980).



[ would 1ike to thank J. Gallagher, M. Shara, W. M. Sparks, and J.
Truran for valuable discussions. This research was supported in part
by the National Science Foundation through Grant AST 77-23190 and AST
79-21073 to Arizana State University. I would also like to thank P.
Carruthers, S. Colgate, and A. N. Cox for the hospitality of the Los
Alamos Scientific Laboratory.

References
Alcock, C. and I1larionov 1980, Ap. J., 235, 534.
Bath, G. T. 1978, MNRAS, 182, 35.
Bath, G. T., PringTe, J. E., and Whelan, J. A. J. 1980, MNkAS, 190, 185.
Cordova, F. A., Mason, K. 0., and Nelson, J. G. 1980, preprint.
Ferland, G. J. and Shields, G. A. 1978, Ap. J., 226, 172.
Fontaine, G. and Michaud, G. 1979, Ap. J., 231, 826.
Gallagher, J. S. and Starvfield, S. 197G, MNRAS, 176, 53.
Gallagher, J. S., and Starrfield, S. 1978, Ann. Rev. Astr., and Ap., 16,
171, -
Paczynski, B. 1971, Acta Astron., 21, 417.
Robinson, E. L. 1976, Ann. Rev. Astr. and Ap., 14, 119,
Shara, M., Prialnik, D., and Shaviv, G. 1980, Ap. J., in press.
Sparks, W. M., Starrfield, S., and Truran, J. W. 1978, />. J., 220, 1073.
Starrfield, S. 1971, MNRAS, 152, 307.
Starrfield, S. 1979, 7n AU #53: White Dwarfs and Variable Degenerate
Stars, ed. H. M. Van Horn and V. Weidemann (University of Rochester
Press), p. 274,
Starrfield, S. and Sparks, W. M. 1973, B.A.A.S., 11, 663.
Starrfield, S., Truran, J. W., and Sparks, W. M. 1978, Ap. J., 226, 186.
Starrfield, S., Truran, J. W., Sparks, W. M., and Kutter, G. S. 1972,
Ap. J., 176, 169.
Starrfield, S., Yruran, J. W., and Sparks, W. M. 1980, fo. J. Lett., in
press.
Taam, R. E. 1980, Ap. J., in press.
Taam, R. E. and Fauikner. J. 1975, Ap. J., 198, 435.
Truran, J. 4. 1980, preprint.
Vauclair, G., Vauclair, 5., and Greenstein, J. L. 1973, Astr. Ap., 80,
79.
Wace, R. A, 1979, A. J., 84, 562.
Warrer, B. 1976, in Structure and Evolution of Close Binary Systems,
ed. P. Eggleton, S. Mitton, and J. Whelan [Dordrecht: Reidei), p. 113.
Williams, R. E. 1977, IAU #42: Interaction of Variable Stars with their
Envirorments, ed. R. Kippenhahn, J. Rahe, and W. Strohmeier (Bamberg:
Remeis-Sternwarte), p. 242,
Williams, R. E., Woolf, N. J., Hege, R. L., Moore, R. L., and Kopriva,
0. A. 1978, Ap. J., 224, 171,




